We study nonlinear interactions between discrete optical solitons that propagate in different regimes of diffraction, and the nonlinear scattering of dispersive waves by local optical potentials. It is well known in optics that when linear coherent waves meet, they interfere without interactions. Linear waves also scatter through local optical structures not exchanging any power with the guided modes of these structures. As a focusing Kerr nonlinearity is present, such linearly-inhibited phenomena can exist. Our studies are performed in silica and AlGaAs nonlinear waveguides, excited by ultra-short pulses in the near infrared.
Introduction
In nonlinear guided waves, high polarization orders are excited in the dielectric medium in which the waves propagate. Considering third-order (Kerr) nonlinearities, making the paraxial approximation, and assuming a slowlyvarying envelope, a wave equation for the 2D evolution of * 
Here is the principal propagation direction, is the transverse direction of the waveguide, 0 is the free-space wave number, ( ) is the transverse refractive index profile, and 2 is the nonlinear (field-squared) Kerr coefficient. The beam is assumed to be confined to a coupled mode in the third ( ) dimension. As a result, the beam effectively changes the medium properties, leading to an instantaneous effective (nonlinearity-induced) "refractive index" change. As suggested by Eq. (1), this nonlinear refractive index change is, approximately, ∆ = 2 I, where I = |E| 2 is the instantaneous power density of the field and 2 is the nonlinear index intensity coefficient ( 2 = 2 ). The most well-known examples of the refractive index change influence are the effect of selffocusing [2] (for 2 > 0), and the generation of solitons, in which this self-focusing counteracts wavepacket broadening caused by linear diffraction [3] [4] [5] . However, the intensity-dependent refractive index change can also lead to interactions between solitons [6] [7] [8] [9] [10] [11] and interactions between nonlinear waves and the local structures from which they scatter [12] [13] [14] [15] [16] [17] . Here, we will deal with these particular scenarios. Specifically, in section 2 we study experimentally the nonlinear interactions between discrete solitons [18, 19] that propagate in different regimes of diffraction [20] , and in section 3 we examine nonlinear wavepacket scattering by local optical potentials.
In the experiment, two lateral waveguide geometries are used: for the study of discrete soliton interactions we use waveguide arrays, in which ( ) is periodic ( Fig. 1(a) , consisting of individually single-mode, weakly-coupled waveguides [18, 19] ), while in scattering experiments we use the planar waveguide with local discontinuities, in which ( ) is generally constant (homogeneous), except for some small interval of that contains local refractive index variations ( Fig. 1(b)-(c) ). Local optical potentials, embedded inside the planar waveguide and thus producing local discontinuities of the refractive index distribution, may be either guiding centers ( Fig. 1(b) ), in which the local refractive index is increased with respect to the surrounding medium, or anti-guiding centers ( Fig. 1(c) ), in which the local refractive index is repressed with respect to the surrounding medium. Images of the physical composition of our samples are shown in Fig. 1(d) -(g). In silica samples ( Fig. 1(d) ,(f)), Ge-B doped waveguides are physically embedded in pure silica substrates of lower refractive index [21] . In AlGaAs samples ( Fig. 1(e) ,(g)), however, the effective refractive index is decreased in regions in which the top cladding layers are etched [19] . While there are some differences between the optical parameters of silica and AlGaAs, both exhibit the focusing Kerr nonlinearity when they are optically excited by 80 femtosecond pulses at 1 KHz repetition rate and a wavelength of 1520 nm, in the megawatt and kilowatt peak-power regime, respectively.
With respect to wavepackets incident on such structures from a homogeneous (continuum) region, there are fundamental differences between the two geometries. As a wave arrives from a semi-infinite continuum region toward a semi-infinite periodic waveguide array that has a periodicity ( Fig. 2(a) ), there is a linear band structure relative to β ( ), the propagation constants as a function of the input lateral wave number ( Fig. 2(b) ). An excitation can penetrate into the structure at some incidence angle intervals (corresponding to "band" wave numbers) or be totally reflected at others (for "gap" wave numbers) [22, 23] . In the case of wavepackets incident on a local optical potential scattering center (Fig. 2(c) ), the wave is partially transmitted through the structure and partially reflected. The linear scattering problem is characterized by a plane-wave transmission spectrum T (β) (Fig. 2(d)) , showing the transmission coefficient T as a function of the incident propagation constant. Importantly, in the linear-wave regime, these two problems are completely characterized by the above spectra. However, as the Kerr nonlinearity is introduced, deviations from the above situation occur. For example, side-coupled excitations in the waveguide array that belong to a linear gap can penetrate into the array to form gap solitons [24] . This happens due to the nonlinearity-induced effective wave number square increase˜ 2 ∼ 2 0 0 ( 0 + 2 2 I), which shifts the beam to different spectrum locations, as 2 + β 2 =˜ , where the -component of the wave vector is the propagation constant. Similarly, in the problem of scattering from local optical potentials, while bound states are inaccessible to scattering waves (see Fig. 2 (d), which illustrates that a bound state has a propagation constant that is higher than the top-most scattering wave's propagation constant), the Kerr nonlinearity can effectively shift β to higher values and allow trapping of some fraction of a wavepacket in bound states.
Discrete-soliton interactions in nonlinear 1D waveguide arrays
Discrete solitons (DSs) in waveguide arrays [18, 19] are formed by direct excitation of a narrow beam inside the array ( Fig. 3(a) ), rather than by side excitations from a continuum ( Fig. 2(a) ). Fig. 3(b) shows the experimental setup used for the excitation of two discrete solitons, in close vicinity, with steerable input for one of them, to allow controllable diffraction, and a control of the input phase difference between the coherent excitations, ∆θ. The sample used here is the silica waveguide array ( Fig.  1(d) ). The formation of a single normally-injected discrete soliton in this array, as a function of the input power, is shown in Fig. 3(c) . In the silica waveguide array, a discrete soliton is sustained even at input powers an order of magnitude higher than its formation threshold (in this case, 0.4 MW), due to the balance between the Kerr nonlinearity, anomalous temporal dispersion and stimulated Raman scattering [25] . Other than that, the DS formed in silica arrays ( Fig. 1(d) ) is identical to the one that is usually formed in AlGaAs arrays ( Fig. 1(e) , see [19, 20] ). As tilts are imposed on the right DS, it is routed aside, as shown in Fig. 3(d) (the data here is obtained with a very large time delay between the pulses, and therefore they do not interact). The sideways shift of the beam increases in the self-focusing (SF) regime, and it decreases in the self-defocusing (SD) regime, where the beam becomes delocalized [20] .
Experimental results for interacting DSs are shown in Fig.  4 . When the two beams are at normal incidence and low power (Fig. 4(a) ), linear-interference fringes are observed in the superposition of two discrete-diffraction patterns [18, 19] , where the slope of the fringes exactly coincides with the phase slope imposed by the translation motor. At high input power (Fig. 4(b) ), nonlinear instability occurs around multiplies of ∆θ = 2π, which partially diverts the beams into the intermediate sites [8] [9] [10] [11] . As tilts are imposed on the right DS, Figs. 4(c) and Fig. 4(d) show examples of the interactions between a normal DS and a tilted DS that resides in the SF and SD regimes, respectively. For small tilts that correspond to a tilted beam in the SF regime (Fig. 4(c) ), the observed instability near 2π phase multiplies is less pronounced in comparison to the collinear excitations (Fig. 4(b) ). This is expected due to the decreased overlap of the two beams as the right DS is routed aside. However, when the tilt angle is in the SD regime of the right beam (Fig. 4(d) ), the instability (strong attraction between the beams) is extended for phase differences far beyond a vicinity of 2π multiplies [10] . Remarkably, the SD beam can be routed as a localized DS into any intermediate site, with the appropriate phase difference, while the normally propagating DS is partially annihilated. Evidently, the waveguidearray medium favors nonlinear interactions when one of the beams propagates in the SF regime and the other one in the SD regime, as demonstrated by the extended range of phases exhibiting interaction dynamics. Numerical simulations of the discrete nonlinear Schrodinger equation [18] with multiple excitations reproduce this interaction dynamics in certain parameter regimes [10] .
Wave scattering by local 1D nonlinear optical potentials
Wave scattering by local nonlinear optical potentials has been studied extensively in the past, but only numerically [12] [13] [14] [15] [16] [17] . In our experimental study, two geometries are compared: that of a silica waveguide with a local guiding scattering center (GSC, see Figs. 1(b), 1(f) ), and the AlGaAs waveguide geometry with a local anti-guiding scattering center (AGSC, see Figs. 1(c), 1(g) ). In addition, samples of different lengths under identical excitation conditions are used, for examination of the dynamics following different propagation lengths. We stress that in both geometries and with all samples we work in the nonlinear power range, where spatial solitons are formed when the excitation is in the continuum, far away from the local structures, and the linear refractive index gradients of the local structures were chosen with the aim to approximately match the nonlinearity-induced refractive index variation. The experimental setup is shown in Fig. 5(a) , where a single beam is directed with a controlled tilt angle toward the local discontinuities (see Fig. 5(b) for a close-up of the sample's input facet). Experimental results are shown in Fig. 6 for the scattering by the guiding center and in Fig.  7 for the scattering by the anti-guiding center. In most of our measurements a 40 µm-wide input beam was used, which is comparable to the total widths of the scattering centers (see Figs. 1(f), 1(g) ), and an order of magnitude larger than individual scatterers. This beam yields sufficient angular resolution in the scattering experiment, and simplifies coupling into the sample (when, in principle, a beam as wide as possible would be most desirable). We plot scans of the output facet as a function of the input tilt angle, indicating the input beam and scatterer locations. In Figs. 6(a) , an 8 mm-long sample is excited under very low input power (top) and identically excited under high input power (bottom). With the low-power settings a first transmission resonance is obtained in the angle interval of 3-6 degrees, and only a negligible fraction of the power emerges from the GSC positions. As the peak power is increased to levels in which the nonlinearityinduced refractive index variations are substantially shifting the beam beyond the scattering regime (see Fig. 2(d) ), it clearly gets more focused, and importantly the power fraction that emerges from the first waveguide dramatically and super-linearly increases in the angle interval of 2-5 degrees. The output intensity distributions in the GSC coincide with the linear modal shape when directly excited. This suggests a nonlinearity-induced trapping of power in the GSC. To confirm this hypothesis, we repeated the measurements with a 28 mm-long sample, excited under identical conditions. In Fig. 6(b) , the output from the short (top) and long (bottom) samples are shown when an identical high-power excitation is used. This measurement shows a substantial power fraction remaining inside the first GSC waveguide site, clearly in the same angle interval. The fact that the power is found inside the GSC in the same angle interval for both samples although the propagation lengths are substantially different (by a factor of 3.5), suggests that power is indeed trapped in the GSC. At the same time, the fact that only a fraction of the power is trapped (up to 20%) suggests that the resulting excitation may be either linear (for low trapped power) or nonlinear (for high trapping power). Fig. 6(c) shows results of nonlinear trapping at the two samples, with a 150 µm-wide input beam. Trapping at the first GSC site is observed in the angle interval of 3-5 degrees, and at the second site in the angle interval of 6-8 degrees, for both samples. We interpret the clear angular distinction between trapping at the first and second waveguides in this measurement as an indication that a higher angular resolution is obtained with the wider input beam (i.e. due to the narrower spatial frequency content of the input beam, power can be trapped more efficiently and with higher resolutions between adjacent linear modes). Numerical simulations of the nonlinear Schrodinger equation with comparable local scattering centers reproduce this trapping dynamics [26] .
With the AGSC AlGaAs samples, shorter propagation lengths and lower input powers were used, on account of temporal dispersion, the higher Kerr coefficient, and a lower damage threshold. A 40 µm-wide input beam was used, and the input intensity was again adjusted to approximately match the nonlinear refractive index variation to the linear refractive index gradient in this sample. The AGSC does not have any linear bound states belonging to direct excitations. In this case direct excitations simply tunnel to the continuum in the course of the propagation, so trapping was not expected here. Indeed, while scans of the output facet as a function of the incidence angle for a 3 mm-long sample (left panel in Fig. 7) show substantial amount of power emerging from the AGSC positions in the angle interval of 2-6 degrees, in the case of a 4.2 mm-long sample under identical excitation (right panel in Fig. 7) , the AGSC is virtually empty in the same angle interval, and it is only visible at larger angles. In parallel, the transmitted power fraction in the same angle interval (2-6 degrees) increases. This suggests that no trapping occurs in this case, but only cavity oscillations of transient radiation passing through the anti-waveguides.
Conclusions
We have studied experimentally mutual-wave (for discrete solitons) and wave-structure (for scattering of dispersive waves by local optical potentials) interactions in nonlinear patterned silica and AlGaAs waveguides. Specifically, we have demonstrated several novel effects that are impossible in the linear-wave regime, such as the annihilation of discrete solitons as they interact with certain relative phases, interaction-induced localization of (individually) self-defocusing discrete solitons, and the trapping of scattering waves in the linear modes of local guiding scatterers. These power-dependent, experimentally tested characteristics can prove useful in the design of devices for applications in all-optical ultrafast switching and channeling in telecommunications, as the technology of highpower lasers is becoming more miniaturized and could be integrated in all-optical networks. 
